Polyphenols has attained pronounced attention due to their beneficial values of health and found to prevent several chronic diseases. Here, we elucidated binding mechanism between frequently consumed polyphenol ''tea catechin" and milk protein bovine beta-lactoglobulin (b-Lg). We investigated the conformational changes of b-Lg due to interaction with catechin using spectroscopic and in silico studies. Fluorescence quenching data (Stern-Volmer quenching constant) revealed that b-Lg interacted with catechin via dynamic quenching. Thermodynamic data revealed that the interaction between b-Lg and catechin is endothermic and spontaneously interacted mainly through hydrophobic interactions. The UV-Vis absorption and far-UV circular dichroism (CD) spectroscopy exhibited that the tertiary as well as secondary structure of b-Lg distorted after interaction with catechin. Molecular docking and simulation studies also confirm that catechin binds at the central cavity of b-Lg with high affinity (~10 5 M À1 ) and hydrophobic interactions play significant role in the formation of a stable b-Lg-catechin complex. Ó 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Tea is a very popular drink beverage worldwide (Graham, 1992) . Tea contains different types of flavonoids which are generally polyphenols. Tea polyphenol is also called as catechins. Several types of catechins were found such as (À)-epicatechin (EC), (À)epicatechin-3-gallate, (À) epigallocatechin-3-gallate and elagic acid (Naghma and Hasan, 2019) . Tea polyphenols also have antioxidant as well as anticancer properties, and hence known as important chemo preventive products (Dreostic et al., 1997) . Indeed, the intake of polyphenols has been linked with a reduced risk of stroke, cancers and coronary heart disease (Shah et al., 2010; Du et al., 2013) . The tea polyphenols can reduce carcinogenesis in human by scavenging the production of reactive oxygen species (ROS) (Mao et al., 2019) . In spite of beneficial effects, it is also reported that polyphenol causes harmful effects, particularly when consumed at high concentrations (Arts et al., 2001) . It will be interesting to see the interactions between the polyphenols and biomolecules, which are found in the human body, like proteins and lipids (Nozaki et al., 2009) . Moreover, complete understanding of protein and polyphenol interaction is still lacking. It was reported that polyphenol interacted with different proteins including serum albumin from bovine and human origin (Dufour and Dangles, 2005) . The rice gluten interacted with epigallocatechin-3-gallate (EGCG) and form complexes which might significantly affect physicochemical properties of gluten (Xu et al., 2019) . Ellagic acids is a polyphenol found in tea, pomegranate, strawberry, and walnut and binds with bovine serum albumin through electrostatic interaction (Fengru et al., 2019) . Protein and polyphenol interaction give more insight into our current understanding of polyphenols induces conformational changes under physiological conditions. Several transporter proteins are known which can bind with variety of ligand or drugs (Tantimongcolwat et al., 2019; Shen et al., 2013) . Among the transporter, protein bovine b-lactoglobulin (b-Lg) is one of the good transporter protein, which is usually transport hydrophobic ligand efficiently (Al-Shabib et al., 2018) . b-Lg is a globular transporter protein of 18.3 kDa mass and comprises of 162 amino acids residues (Patel et al., 2019) . The nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography data revealed that the b-Lg exist in monomer at acidic pH and dimer at neutral pH (Uhrinova et al., 2000; Qin et al., 1999) . The folded monomer of b-Lg contains eight stranded antiparallel b-sheets, which are involved in the formation of hydrophobic pocket or calyx (Monaco et al., 1987) . b-Lg is highly used in the food and pharmaceutical industries because of its capability to bind vitamins fatty acids, and several other ligands (Ragona et al., 2000) . b-Lg has two binding sites for hydrophobic molecules, one at inside the calyx and other one is at the dimer interface. Another binding site was also reported called as site B. From the fluorescence measurements, it was noted that retinoids and fatty acids interact independently; retinoids binds at the central cavity of b-Lg while fatty acids interacted at the external site (Creamer, 1995) . Based on fluorescence resonance energy transfer techniques, it was characterized that some ligands like retinol, retinoic acid and bis-ANS bind at the surface of b-Lg rather than at the internal cavity of calyx (Lange et al., 1998) . Interaction of milk protein with phenolic compound, which is found in food, is investigated in details (Zhang et al., 2014) . It was also reported that the tea polyphenol affects the antioxidant property of a-lactalbumin protein due covalent interaction with a-lactalbumin (Almajano et al., 2007) . b-Lg interaction with several polyphenols (chlorogenic acid (CGA), epigallocatechin-3-gallate (EGCG) and ferulic acid (FA)) was characterized and concluded that EGCG had more binding affinity with b-LG than other two polyphenols (Jia et al., 2017) .
In previous studies, it was reported that the proteins and polyphenols form complexation due to non-covalent interaction, which stabilized the protein confirmation (Chaudhuri et al., 2011; Kanakis et al., 2011) . Few researchers reported that the proteolytic digestion was decreased due to complexations of polyphenols and b-Lg and this complexation reduces the free radical scavenging property (Stojadinovic et al., 2013) . Nevertheless, the detail interaction mechanism between b-Lg and tea polyphenol i.e., catechin is not studied. Consequently, the aim of this work was to examine the mechanism of interaction between b-Lg and tea catechin polyphenol at physiological pH. To decipher the mechanism, we have used multi spectroscopic (ultraviolet-visible (UV) absorption, fluorescence quenching and circular dichroism (CD) spectroscopy) and computational (molecular docking and simulation) techniques. The above biophysical techniques are highly utilized to characterize the protein-ligand interactions (Yadav et al., 2018a (Yadav et al., ,2018b . Molecular dynamic simulation is very good computational techniques to use to understand macromolecular structure-to-function relationships (Yadav et al., 2016) . The obtained results of this study proposed the mechanism of interaction of b-Lg and catechin in food and pharma industries.
Materials and methods
The b-Lg and (+)-catechin hydrate was purchased from the Sigma Chemical Company (St. Louis, MO, USA). The other reagents were used in this articles are analytical grade.
Solution preparations
All the spectroscopic measurements were performed in 20 mM sodium phosphate buffer, pH 7.4. b-Lg was dissolved in same buffer and dialyzed for four hours in sodium phosphate buffer pH 7.4. Dialyzed b-Lg was further filtered through 0.22-mm Millipore syr-inge filter. After filtration, b-Lg stock concentration was calculated according to already reported method (Al-Shabib et al., 2018) . The tea catechin was dissolved in 5.0 ml of MilliQ water.
UV-Vis absorption spectroscopy
The absorption spectra were collected on Agilent Technologies Carry 60 spectrophotometer. b-Lg (11.0 lM) was incubated without and with different concentrations of catechin (0-100 mM) at room temperature. The incubated samples were scanned in quartz cuvette. The blank of phosphate buffer without catechin and with catechin was also scanned and subtracted from the working samples. The UV-Visbile spectra of incubated and blank samples were scanned in the range of 200-450 nm at room temperature.
Fluorescence spectroscopy
Fluorescence is very valuable technique to examine interactions between b-Lg and catechin. Intrinsic fluorescence was investigated at three different temperatures (288, 298, and 310 K) on Agilent Technologies Carry Eclipse fluorescence spectrophotomete equipped with peltier thermostatted multicell holder. The samples in 1.0 cm path-length quartz cell were excited at 295 nm and emission was recorded in the range of 300-450 nm and excitation and emission slit widths were fixed at 5.0 nm. The fixed b-Lg concentration (2.0 mM) was used in all the samples. The catechin (0-7.5 mM) was added stepwise manner in a 3.0 ml quartz cuvette. The stock concentration of catechin was 500 mM and every titration 2.0 ml of catechin was added. The details of data analysis was provided in supplementary methods in supplementary data as a SMI.
Far-UV circular dichroism (CD)
Far-UV CD spectra of b-Lg with and without catechin complexes were studied with Chirascan Plus, spectropolarimeter (Applied Photophysics). For far-UV CD measurements, a quartz cell with a path length of 0.1 cm was used in continuous nitrogen flushing. b-Lg concentration was taken (0.2 mg.ml À1 ), while different concentrations (10.0, 50.0 and 100.0 mM) of catechin were taken. Every sample was scan twice. The spectra were collected at room temperature from 250 to 200 nm at the interval of 1.0 nm.
Molecular docking and simulation studies
Interaction between b-Lg (PDB ID:4Y0P; 2.20 Å resolution) (Loch et al., 2015) and catechin (PubChem ID: 9064) was reviewed by performing molecular docking and molecular dynamics simulation using different modules of Schrodinger suite in Maestro (Schrödinger, LLC, NY, USA) as described previously (Rehman et al., 2019; AlAjmi et al., 2018) . Briefly, the structure of catechin was drawn in 2D sketcher and prepared for docking using LigPrep (Schrödinger, LLC, NY, USA). All the possible conformations of catechin were generated at pH 7.0 ± 2.0 using Epik (Schrödinger, LLC, NY, USA) and energy minimized with the help of OPLS3e forcefield. Protein (b-Lg) was optimized for docking using Glide (Schrödinger, LLC, NY, USA) by removing non-essential water molecules, adding hydrogen atoms, generating any missing side chains and loops using Prime (Schrödinger, LLC, NY, USA) and removing any other heterogenous molecule. Grids map was generated by selecting the ligand (tetracaine) which was bound in the X-ray structure as the center of grid box. The size of grid box for b-Lg was 72 Â 72 Â 72 Å. Molecular docking was performed with extraprecision (XP) modes in Glide (Schrödinger, LLC, NY, USA) keeping all the parameters at default values.
Desmond (Schrödinger, LLC, NY, USA) was employed to perform molecular dynamics simulation for 50 ns at 300 K and 1 bar pres-sure (Kumar et al., 2018; Yadav et. al., 2018a Yadav et. al., ,2018b . The simulation was performed inside an orthorhombic box the boundaries of which were at least 10 Å away from the protein. The simulation box was solvated using TIP3P explicit solvent model and the whole system was neutralized by adding adequate counterions. The physiological conditions were mimiced by adding 150 mM NaCl to the simulation box. Finally, OPLS3e forcefied was employed to energyminimize the system till it converges to 1 kcal/mol/Å.
Results and discussion

Steady state fluorescence quenching measurements
Fluorescence quenching was generally used to identify the protein-ligand interaction (Alanazi et al., 2019) . The fluorophores of proteins are proteins (tryptophan, tyrosine, and phenylalanine) are sensitive to their microenvironment and hence can be used to studying ligand-induced conformational changes. The quenching in fluorescence takes place only if a ligand binds to a protein and affects the emission of intrinsic fluorophores. The b-Lg has two (Trp) residues at position of 19 and 61 . Therefore, Trp fluorescence quenching of b-Lg without and with catechin was performed. The fluorescence intensities of b-Lg at pH 7.4 without and with catechin at three temperatures (288, 298 and 310 K) after excitation of 295 nm have been shown in Fig. 1A -C. From the figs., it can be clearly seen that the b-Lg without catechin showed maximum fluorescence at~337 nm which is similar to other published reports (Jia et al., 2017) . The fluorescence intensity of b-Lg without catechin was found to decrease at higher temperatures (288 ! 298 ! 310 K). After that we have gradually added catechin to b-Lg samples at 288, 298 and 310 K. The fluorescence intensity of b-Lg continuously decreased with slightly red shift in wavelength maximum, which is shown in Fig. 1A -C. The regular decrease in b-Lg fluorescence intensity and shift in wavelength maxima confirms that the catechin binds with b-Lg and causes conformational changes in b-Lg protein. The quenching mechanism was further investigated. Fluorescence quenching between ligand and protein takes place via two mechanisms viz., dynamic and static quenching (Moeiniafshari et al., 2015) . The quenching mechanisms can be identified through examination of their quenching constant at different temperatures. If the quenching constant increases with temperature, it is called as dynamic quenching, whereas in static quenching, the quenching constant is inversely proportional to the temperatures (Reshma et al., 2018; Sun et al., 2013) . To determine the quenching mechanism, the fluorescence quenching data at 288, 298, and 310 K were further evaluated by utilizing supplementary equation 1. From the equation, the values of Ksv and kq were shown in Fig. 2A and values are listed in Table 1 . From the fig and table , it was seen that the values of Ksv increases with increasing temperature. The trends of Ksv with respect to temperatures indicated that the catechin and b-Lg interacted each other through dynamic quenching mechanism. The values of kq were also calculated by applying supplementary equation 2. It was reported that the fluorescence lifetime of the biopolymer was around~10 À8 s (Wu et al., 2018) . The values of Kq obtained from supplementary equation 2 are higher than the values of maximum scatter collision quenching constant (2 Â 10 10 L mol À1 s À1 ) of biomolecules alone. The increased value of Kq is supporting the fact that the mechanism of quenching between catechin and b-Lg was found to be dynamic type not a static type (Hu et al., 2006) . The fluorescence quenching data were further analyzed by applying modified Stern-Volmer equation (supplementary equation 3) for the calculation of number of binding site and binding constant of b-Lg-catechin interaction. The plot of F 0 /(F 0 -F) versus 1/[catechin] (Fig. 2B) yields 1/F a as the intercept, and 1/(F a K a ) as the slope. The slope of modified graph gives the information about number of binding site and intercept provide information about binding constant. The number of binding site and binding constants are tabulated in table 1. The numbers of binding sites were calculated 0.9448, 1.0830 and 1.1132 at 288, 298 and 310 K. The K a values of b-Lg-catechin system were got to be 0.132 Â 10 À5 L mol À1 at 288 K; 0.4810 Â 10 À5 L mol À1 , at 298 K; 1.39 Â 10 À5 L mol À1 at 310 K (Table 1) . The increasing values of K a with increasing temperature are suggesting that the dynamic type of quenching was involved between b-Lg-catechin interactions.
Examination of the binding forces involved between b-Lg-catechin interactions:
The binding forces involved between b-Lg-catechin interactions were examined with the help of thermodynamic parameters. There are four main forces namely hydrogen bonds, van der Waals forces, hydrophobic, and electrostatic interactions involved between protein-ligand interaction. According to Ross and Subramanian research, it was proposed that if DH > 0, DS > 0, hydrophobic interaction will be the main force; when DH < 0, DS < 0, van der Waals forces and hydrogen bonds involved in the interaction; when DH < 0, DS > 0, only electrostatic forces will involve (Ross and Subramanian 1981) catechin interactions were calculated from the van't Hoff equation (supplementary equation 4) . The slope of the van't Hoff formula tells us about enthalpy change (DH). However, the free energy change (DG) is calculated from the supplementary equation no 5. The binding constants values at the three different temperatures, 288, 298 and 310 K were used to calculate the thermodynamic parameters and values are fitted in linear van't Hoff plot presented in Fig. 3 and in Table 2 . The values are obtained after fitting the equation 4 and 5 and the data is presented in Table 2 . As we can see from the Table 2 , the obtained negative values of DG are indicating that the interaction between b-Lg and catechin is spontaneous process. Moreover, DH and DS values were estimated to be positive, which designated that the hydrophobic interactions are mainly involved in the interaction between b-Lg and catechin. Similar observation was also found when carborane trimer 5 interacted with bovine serum albumin (Jena et al., 2019) . The positive values of both DH and DS are suggest that the reaction between b-Lg and catechin was endothermic. The fluorescence quenching results at three different temperatures also suggest that the b-Lgcatechin interacted through hydrophobic interaction and its dynamic process of quenching. The reaction is spontaneous and endothermic.
UV-Vis absorption measurements:
The UV-Vis absorption spectroscopy is widely exploited to study the protein-drug complexation and protein conformational changes (Chi and Liu, 2010) . This technique is dependent on degree of absorption of UV-vis light by the protein molecule. The absorption of UV light occurs due to the presence of aromatic amino acids mostly tryptophan, tyrosine and phenylalanine. The absorbance of tryptophan, tyrosine and phenylalanine depends on the microenvironment of their chromophores, and their wavelength shift either red or blue depends upon the polarity of surrounding environment (Pathak et al., 2016) . We have collected the absorption spectra b-Lg without as well as with catechin (5 and 100 lM) was as shown in Fig. 3 . Absorption spectrum of b-Lg alone shows maximum absorption around 280 nm because all aromatic amino acids absorb light maximally at 280 nm. Upon addition of different concentrations of catechin, significant increase in the absorbance of b-Lg with red shift in the wavelength maxima was recorded. The increase in absorption and shift in wavelength maximum shows that there is complex formation between b-Lg and catechin and polarity of microenvironment is also changed. It is also reported that the mechanism behind increase in absorption and shift in wavelength maximum towards higher wavelength is due to the exposure of aromatic amino acids to the external environment (Alam et al., 2015) .
Secondary structure modification upon catechin binding with b-Lg:
Circular dichroism (CD) spectroscopy is frequently employed to access the changes or modifications in protein's secondary as well as tertiary structure (Khan et al., 2019) . The far-UV and near-UV CD spectra give information about protein's secondary and tertiary structure, respectively. The shape of far-UV CD spectra indicates the content of secondary structure (a-helix, b-sheet and random coil). The a-helical rich protein has two minima (208 and 222 nm), b-sheet has one minima (218 nm) and random coil protein have only one minima at 200 nm. The far-UV spectral curve of b-Lg without and with catechin in the sodium phosphate buffer, at room temperature, is shown in Fig. 4 . b-Lg alone curve contained one negative band around~218 nm, which was typical features of the b-class of proteins such as other b-sheeted protein already reported (Ismael et al., 2018) . The far-UV CD spectra of b-Lg with 0, 10, 50 and 100 mM of catechin was shown in Fig. 4 . It can be seen from the fig., the negative ellipticity of b-Lg in the presence of 10, 50 and 100 mM catechin was slightly increased with 2-3 nm red shifts. The increase in negative ellipticity with slight red shift of wavelength is indicated that the secondary structure of b-Lg modified due to catechin binding.
Analysis of molecular docking
The docking protocol adopted in this study was validated by redocking the ligand (tetracaine) which was bound in the X-ray crys-tal structure of b-Lg. The docked and X-ray crystal poses of ligand were superimposed and their root mean square deviation (RMSD) was calculated. We found that the RMSD of ligand bound to b-Lg was 1.0201 Å (Supplementary fig. S1 ). Since, the observed RMSD was lower than the prescribed uppar limit of 2 Å, we assumed that the dokcing procedure employed here was accurate.
Our results indicated that catechin binds strongly at the central cavity of b-Lg (Fig. 5A) . The b-Lg-catechin complex was principally stabilized by hydrophobic interactions with amino acid residues such as Pro38, Leu39, Val41, Val43, Ile56, Leu58, Ile71, Ile84, Val92, Phe105 and Met107. Moreover, polar amino acid residue (Asn90) along with charged residues such as Lys60, Glu62 and Lys69 were also involved in b-Lg-catechin interaction (Fig. 5B) . Further, the docking energy (XP score) and the corresponding docking affinity of catechin towards b-Lg were estimated as À6.8 24 kcal mol À1 and 1.01 Â 10 5 M À1 respectively (Table 3) . Glide emodel score and MM-GBSA of catechin bound to b-Lg were estimated to be À35.702 and À61.735 kcal mol À1 respectively ( Table 3) .
The molecular docking of control ligand (i.e. the inhibitor bound to protein in the X-ray structure i.e. tetracaine) with the b-Lg revealed that tetracaine binds at the central cavity ( Supplementary  fig. S2A ) and the complex was stabilized by a network of hydrophobic interaction with Ile12, Val15, Pro38, Leu39, Val41, Val43, Leu46, Leu54, Ile56, Leu58, Ile71, Ile84, Val92, Val94, Leu103, Phe105, Met107 and Leu122. Other amino acid residues involved in b-Lg-tetracaine interactions were Lys60, Lys69 and Asn90 (Supplementary fig. S2B ). The amino acid residues of b-Lg interacting with tetracaine such as Pro38, Leu39, Val41, Val43, Ile56, Leu58, Ile71, Ile84 and Val92 have been found to also interact with catechin. Moreover, the docking energy and the corresponding docking affinity of tetracaine towards b-Lg were estimated as À6.963 kcal mol À1 and 4.27 Â 10 6 M À1 respectively (Table 3) . Glide e-model score and MM-GBSA of tetracine bound to b-Lg were estimated to be À45.702 and À83.021 kcal mol À1 respectively (Table 3) .
Analysis of molecular dynamics simulation
The stability of b-Lg-catechin complex was evaluated by performing molecular dynamics simulation for 50 ns at 300 K. Fig. 6A shows the RMSDs of b-Lg Ca-atoms without and with catechin. The RMSD of a protein gives the information about structural conformation for the entire period of simulation. The analysis of RMSD indicates if the simulation has equilibrated or not. For a properly equilibrated and stable system, the fluctuations towards the end of the simulation should be within 1-3 Å for a globular proteins. Changes higher than that, however, suggest that the protein is undergoing a large conformational change during the simulation. In this work, the RMSD values of b-Lg were fluctuating around~1.15 Å, implying a stable confirmation of the protein. Further, the RMSD of protein in the presence of catechin indicates that it was stabilized after initial variations for the first 10 ns; however, it was much lower than the acceptable limit of 2 Å (Fig. 6A) . Similarly, the RMSD value of catechin alone remains constant around 0.53 Å. The analysis of RMSD values indicate that catechin binds at the active site of b-Lg and the b-Lg-catechin complex is stable. The formation of a stable b-Lg-catechin complex was also suggested by observing the changes in various surface areas such as molecular surface area (MolSA), polar surface area (PSA), and solvent accessible surface area (SASA) of b-Lg-catechin complex as a function of simulation time. We observed that MolSA, PSA and SASA remained persistent within the prescribed limits, thus confirming a stable complex between b-Lg and catechin (Fig. 6B) . Furthermore, the radius of gyration (rGyr) of catechin remains constant over the simulation time, thereby signifying a compact structure of catechin (Fig. 6C) . The local conformational changes along b-Lg chain were probed by analyzing the root mean square fluctuation (RMSF) with respect to simulation time (Fig. 6D) . The areas of b-Lg which fluctuate the most during simulation are indicated in blue. It is clear that the loop regions (indicated by the white bar) fluctuate the most during simulation. Conversely, alpha-helices and beta-sheets as represented by blue and pink bars were rigid. It is noteworthy that the RMSF of b-Lg corresponds with the X-ray B-factor. Furthermore, the vertical green lines on the X-axis show the interaction between b-Lg and catechin. The residues shown in BOLD represents that these were commonly involved in the interaction with Tetracaine (control) and Catechin. # Molecular docking parameters for b-Lg-catechin interaction.
Conclusions
In this work authors have provided several evidences about the mechanism of interaction of tea polyphenol ''catechin" with milk protein b-Lg. Intrinsic fluorescence measurements established that catechin interacted with b-Lg and lower down (quenched) the fluorescence intensity and the mechanism of interaction is dynamic type. According to thermodynamic data obtained by intrinsic fluorescence, measurements at three different temperatures suggest that hydrophobic interaction is majorly involved in b-Lg-catechin interaction. The secondary as well as tertiary structure of b-Lg is also modified due b-Lg-catechin interaction. The analysis of molecular docking and molecular dynamics simulation confirms that catechin bind at the central cavity of b-Lg and hydrophobic interaction involved in the stabilization b-Lg-catechin complex.
